Tidal tails are created in major mergers involving disk galaxies. How the tidal tails trace the assembly history of massive galaxies remains to be explored. We identify a sample of 461 merging galaxies with long tidal tails from 35 076 galaxies mass-complete at M ≥ 10 9.5 M and 0.2 ≤ z ≤ 1 based on HST/ACS F814W imaging data and public catalogs of the COSMOS field. The long tails refer to these with length equal to or longer than the diameter of their host galaxies. The mergers with tidal tails are selected using our novel A O − D O technique for strong asymmetric features together with visual examination. Our results show that the fraction of tidaltailed mergers evolves mildly with redshift, as ∼ (1 + z) 2.0±0.4 , and becomes relatively higher in less massive galaxies out to z = 1. With a timescale of 0.5 Gyr for the tidal-tailed mergers, we obtain that the occurrence rate of such mergers follows 0.01 ± 0.007 (1 + z) 2.3±1.4 Gyr −1 and corresponds to ∼ 0.3 events since z = 1 and roughly one-third of the total budget of major mergers from the literature. For disk-involved major mergers, nearly half of them have undergone a phase with long tidal tails.
INTRODUCTION
The stellar mass growth of galaxies is driven by in-situ star formation and mergers. Quantifying the relative roles of the two processes across cosmic time is one central task in extragalactic astronomy, and provides key observational constraints on theoretical models of galaxy formation and evolution. The in-situ star formation on galactic scales has been much explored out to high redshift in either the volumeaveraged or the sub-population statistic manner. The cosmic star formation rate (SFR) density peaks at z ∼ 2 − 3 and declines rapidly since then (Lilly et al. 1996; Madau et al. 1996; Shapley 2011; Madau & Dickinson 2014) . The majority of star formation takes place in the main-sequence galaxies which form a tight correlation between SFR and stellar mass (e.g., Schreiber et al. 2015) , and mostly hosted by those in the mass regime around M Karim et al. 2011) . The main sequence relation exists among star-forming galaxies (SFGs) out to high z (e.g., Speagle et al. 2014) , and its slope and dispersion are shaped by physical processes related to bulge growth (Guo et al. 2015; Whitaker et al. 2015) . The decline of the global SFR density is coupled with the rapid increase of stellar mass density of quiescent galaxies since z ∼ 3 (Ilbert et al. 2013; Tomczak et al. 2014 ) continuously fed by SFGs through quenching star formation (e.g., Bell et al. 2007; Faber et al. 2007; Moustakas et al. 2013; Dekel & Burkert 2014; Brennan et al. 2015) . In contrast, galaxy merging is not only an important process regulating the assembly of galaxies, but also a key mechanism in triggering starburst, shaping galaxy structure, igniting active galactic nucleus (AGN), and ceasing further star formation through exhausting gas or AGN/supernova feedback (e.g., Mihos & Hernquist 1996; Di Matteo et al. 2005; Springel et al. 2005a,b; Croton et al. 2006; Hopkins et al. 2006 Hopkins et al. , 2008 .
Galaxy merger rate as a function of redshift is one of funda-1 Purple Mountain Observatory, Chinese Academy of Sciences, 2 West Beijing Road, Nanjing, 210008, China; zzwen@pmo.ac.cn, xzzheng@pmo.ac.cn 2 University of Chinese Academy of Sciences, 19A Yuquan Road Beijing, China mental relationships to delineate the hierarchical growth history of galaxies and cosmic structures (e.g., White & Rees 1978; Somerville et al. 2008) . On the theoretical side, Nbody simulations predict that merger rate of dark matter halos strongly evolves with redshift as (1 + z) m and m = 2 ∼ 3 (Gottlöber et al. Fakhouri & Ma 2008; Genel et al. 2009; Fakhouri et al. 2010) , with an uncertainty about a factor of 2 (Hopkins et al. 2010) . Conversion of the halo merger rate into galaxy merger rate has to rely on assumptions of baryonic physics adopted in the theoretical models of galaxy evolution such as the sub-halo structures and mass functions, halo occupation statistics, gas hydrodynamics and cooling, star formation and feedback (Jogee et al. 2009; Hopkins et al. 2010 for reference therein). On the observational side, measurements of galaxy merger rate from morphological studies and pair studies are not consistent with each other (Lotz et al. 2011) . The discrepancy arises from uncertainties in sample selection, identification of mergers, correction for false mergers, incompleteness with redshift, cosmic variance and uncertainty in estimation of merger timescale.
Galaxy merger rate is estimated through counting either close pairs (e.g., Kartaltepe et al. 2007; Lin et al. 2008; Bluck et al. 2009; de Ravel et al. 2009; Bundy et al. 2009; Williams et al. 2011; Bluck et al. 2012; Man et al. 2012; Newman et al. 2012; Xu et al. 2012; Keenan et al. 2014; López-Sanjuan et al. 2015) or morphology-disturbed galaxies. For the latter, visual examination and non-parametric methods are widely used to select galaxy major mergers, which often exhibit tidal features like shells, arcs, plumes, rings, streams, tails and double cores. Such disturbed features can be caught in visual inspection (e.g., Jogee et al. 2009; Bridge et al. 2010, hereafter B10) . The non-parametric measurements are to quantify morphological parameters, including the rotational asymmetry A (Conselice 2003) , (Lotz et al. 2004) or A O −D O (Wen et al. 2014) , and separate mergers from those with regular morphologies in the corresponding parametric space. However, morphology studies largely depend on the quality of imaging data as cosmic dimming effect may cause redshiftdependent biases. Noise contamination strongly affects the selection of mergers (Conselice 2003; Conselice et al. 2008 Conselice et al. , 2009 López-Sanjuan et al. 2009; Shi et al. 2009 ). Similarly, the Gini coefficient is also influenced by the adopted aperture for a galaxy (Lisker 2008) . Another uncertainty in estimating merger rate is related to detection timescale. The averaged timescale for detection of asymmetric features (A) is strongly correlated with the gas fraction and mass ratio of the merger progenitors (Lotz et al. 2008a (Lotz et al. , 2010a (Lotz et al. ,b, 2011 . The contamination of false mergers with peculiar morphologies (Förster Schreiber et al. 2009 may also account for a significant fraction of the merger candidates preliminarily selected by the non-parameter methods (e.g., Hoyos et al. 2012) .
One way to improve the measurements of merger rate is to narrow the selection of galaxy mergers down to a specific type or merging stage so that the related uncertainties can be accordingly reduced (e.g., Lackner et al. 2014) . Tidal tails are created in major mergers involving at least one disk galaxy and can be used as a secure sign of major merger event (Toomre & Toomre 1972) . Moreover, the tidal tails contain stars and gas, allowing dwarf galaxies and star clusters to form, and contributing to the intergalactic medium (see Duc & Renaud 2013 , and references therein). The length and orientation of tidal tails turn out to be regulated by the inclination of progenitor disk galaxies to the approaching orbit. Tidal tails thus trace the assembly history of galaxies with disk progenitors and reflect the alignment of progenitor galaxies in the cosmic web (Yang et al. 2006; Zhang et al. 2009 Zhang et al. , 2013 .
Yet, few works made use of tidal tails as the probe for major mergers to measure merger rate (B10). Tidal tails are faint structures and usually contribute only limited fraction of the total light of a merging system. The morphological parameters rotational asymmetry A, Gini and M 20 are likely insensitive to probe of such faint structures in a galaxy because these parameters are flux weighted and usually dominated by luminous structures of the galaxy. Wen et al. (2014) developed a novel A O − D O method to select disturbed morphologies through quantifying the outer asymmetry (A O ) and the deviation of the intensity weighted centroids of the outer half light region and the inner half light region (D O ) of a galaxy. This technique is efficient in detecting tidal-tailed galaxies (see Wen et al. 2014 for more details). Galaxies of different morphological types fall on a tight sequence in the A O versus D O diagram and the tailed galaxies usually have larger A O and D O relative to those with regular morphologies.
We carry out a search for merging galaxies with long tidal tails in the COSMOS field. The HST/ACS F814W (I) imaging observations of the COSMOS survey Koekemoer et al. 2007 ) cover ∼ 1.5 deg 2 sky area, providing high-resolution images to probe faint structures such as tidal tails (in a size of tens kpc) for a large sample of distant galaxies at z ≤ 1. This paper is arranged as following: a brief description of the data and sample selection is presented in Section 2; the A O − D O method is given in Section 3. Meanwhile, we perform simulations to test A O and D O with surface brightness dimming included. In Section 4, we present the selected merging galaxies with tidal tails using the A O − D O method. Finally, we report our merger fraction and merger rate over 0.2 ≤ z ≤ 1 in Section 5. Throughout this paper, we adopt a concordance cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7. All photometric magnitudes are given in the AB system. 2. DATA AND SAMPLE SELECTION 2.1. The Data Our study utilizes the public data and catalogs from multiband deep surveys of the COSMOS field. The UltraVISTA survey (McCracken et al. 2012 ) provides ultra-deep near-IR imaging observations of this field in the Y, J, H and K sband as well as a narrow band (NB118) (Milvang-Jensen et al. 2013) . The UltraVISTA photometric catalogs (v4.1) are available to the public, giving in total 154 803 sources based on K s -band detection down to 5 σ=23.4 mag with 90% completeness for point sources (see Muzzin et al. 2013 for more details). The PSF-matched photometry with 30 photometric bands from 0.15 to 24 µm, stellar mass and redshift catalogs are also provided. Stellar masses are determined using the FAST SED fitting code (Kriek et al. 2009 ) while photometric redshifts are derived with the EAZY code (Brammer et al. 2008) . Spectroscopic redshifts from the zCOSMOS 10k bright sample (Lilly et al. 2009 ) are also adopted. The photometric redshifts reach an accuracy of δz/(1 + z) = 0.013 for z 1.5. Spectroscopic redshifts are first used if available.
The HST/ACS I-band imaging data are publicly available, allowing us to measure morphologies in the rest-frame optical for galaxies at z ≤ 1. The HST/ACS I-band images reach a 5 σ depth of 27.2 magnitude for point sources. The reduced images have a pixel scale of 0. 03 and a point spread function (PSF) of Full Width at Half Maximum 0. 09, corresponding to a physical size of 332 pc at z = 0.2 and 805 pc at z = 1. Following the source detection configurations given in Leauthaud et al. (2007) and Caldwell et al. (2008) , we run the software tool SExtractor (Bertin & Arnouts 1996) to obtain segmentation maps for detected sources. The photometric catalogs of the HST/ACS I-band images are also used for source deblending. The segmentation maps will be used to perform morphological analysis. We set the detection threshold to be 0.8 σ of background noise level in order to detect extended faint tidal structures (see Wen et al. 2014 for more details).
Sample Selection
We intend to identify merging galaxies with long tidal tails from a sufficiently large sample of galaxies out to high z. The parent galaxy sample needs to be complete in stellar mass because galaxy mergers often trigger starbursts and increase extinction via condensing interstellar medium (Gavazzi et al. 1996; de Jong 1996; Bell & de Jong 2001; Bell et al. 2003; Kirby et al. 2008 ). The UltraVISTA catalog based on K s -band selection is less affected by dust extinction and starburst, and thus shows a higher completeness for low-mass galaxies compared to the optical selection. It has been shown that the Ultra-VISTA catalog is highly complete (completeness >95%) for galaxies with stellar mass log(M /M ) ≥ 9.5 at z ≤ 1 (Muzzin et al. 2013 ). We limit sample galaxies at 0.2≤ z ≤1 where HST I-band images allow to examine galaxy morphologies in the rest-frame optical. Finally, we select a sample of 35 076 galaxies with log(M /M ) ≥ 9.5 and 0.2 ≤ z ≤ 1 from the UltraVISTA catalog of COSMOS. We measure morphological parameters A O and D O from HST images and visually examine the selected merging galaxies for apparent tidal tails. The parent sample is divided into four mass bins and four redshift bins to address the relationships of the merger rate with stellar mass and redshift (e.g., Lin et al. 2004; Bundy et al. 2005; de Ravel et al. 2009; B10 Wen et al. (2014) give quantitative measures of galaxy structures in the outskirts. The outskirts of a galaxy refers to the outer halflight region (OHR) divided by an elliptical aperture from the inner half-light region (IHR) of the galaxy. The outer asymmetry A O measures the asymmetry of the OHR; and the outer centroid deviation D O , measures the deviation (or offset) between the flux-weighted centroids of the IHR and the OHR.
In practice, the half-light aperture is derived from the isophotal analysis of a galaxy image. The surface brightness profile is counted down to the threshold of 0.8 σ background rms in order to optimize the detection of faint structures in the outskirts (Wen et al. 2014) . We realize that the noise in the low-surface brightness regions bias the estimate of A O . We thus correct for the bias and revise the definition of A O as below:
where
Here I 0 refers to the light distribution of the OHR of a galaxy image and I 180 represents the 180
• -rotated version of I 0 . Likewise, B 0 is a patch in the background of the image with the same shape as I 0 . Similarly, B 180 is the 180
• -rotated B 0 . δ 1 and δ 2 are corrections for the noise contributions to the flux image I 0 and the residual image I 0 − I 180 , respectively. f 1 is the number fraction of pixels in the OHR dominated by noise; and f 2 is the number fraction of the OHR pixels dominated by noise in the residual image. N all represents the total number of pixels in the OHR and N all is the total number of pixels of the residual. Parameter σ is the standard deviation of noise in I 0 . In Wen et al. (2014) , the centroid of the OHR is used as the rotational center. But in this work the centroid of the whole galaxy is adopted as the rotational center. More technical details and testing results can be found in the Appendix.
The outer centroid deviation D O is calculated using the equation
where (x I , y I ) and (x O , y O ) refer to the positions of fluxweighted centroids of the IHR and the OHR in a galaxy image, respectively. The deviation is normalized to the effective radius of the galaxy R e , which is calculated using R e = n I /π and n I is the area of the IHR in units of pixel count. 
Application to High-z Galaxies
We aim to select merging galaxies out to z = 1 using the A O − D O technique. High-z galaxies appear to be faint and less resolved compared to low-z galaxies. We try to quantitatively estimate these effects on detection of asymmetric structures in galaxy outskirts by measuring the two structural parameters A O and D O for a sample of low-z galaxies artificially redshifted to high z. We make use of the 4419 galaxies with M ≥ 10 9.5 M in the lowest redshift bin 0.2 ≤ z < 0.4 to carry out our test. As shown in Figure 1 , these galaxies are sub-grouped into 24 bins in the A O − D O space: 8 evenlysplit bins along the sequence coded by different colors and 3 bins vertical to the sequence marked by different symbols. Objects are divided equally into the three bins vertical to the sequence. We then randomly select 15 galaxies in each bin, yielding 1178 at 0.2 ≤ z < 0.4 with M ≥ 10 9.5 M for further simulations. This sample is representatively spread in the A O − D O space and thus able to trace the systematic effects when the sample galaxies are artificially redshifted to high z with resolution and dimming effects counted. This galaxy sample is only used for testing measurements of structural parameters and thus unnecessary to be strictly complete in terms of selections for high-z galaxies.
We use HST/ACS I-band science images of the selected 1178 galaxies with M ≥ 10 9.5 M at 0.2 ≤ z < 0.4 to construct galaxy model images. These model images are then used to simulate the images of high-z galaxies and test the recovery of A O and D O . Firstly, we apply median filtering to the HST images of the selected galaxies to suppress the noise in the images. A box of 6 × 6 pixels is adopted in the filtering, corresponding to 2 times FWHM of the HST/ACS I-band PSF (∼ 0. 09). A group of continuous adjacent pixels 0.8 σ brighter than the background level in the original science image of a galaxy are taken as the galaxy's pixels. Here σ is the rms of the background noise. These pixels in the smoothed image are subtracted by 0.8 σ to smooth the light profile at the edges and the rest pixels of the smoothed image are set to zero. Secondly, galaxy model images are scaled to simulate galaxies redshifted to z ∼ 0.3, 0.5 and 0.9, respectively.
-The rest-frame U − V as a function of stellar mass for 35 076 galaxies with M ≥ 10 9.5 M and 0.2 ≤ z ≤ 1 in the COSMOS field. In each panel, the dashed line separates blue-cloud and red-sequence galaxies following Borch et al. (2006) ; and the red and blue solid lines are parallel to the dashed line and best fitting the two populations, respectively. This is done by decreasing the size and surface brightness of the model galaxies and adding background noise into the images. Finally, A O and D O are derived from the images of the simulated high-z galaxies.
The software tool FERENGI (Full and Efficient Redshifting of Ensembles of Nearby Galaxy Images, Barden et al. 2008 ) is used to do simulations. To redshift a model galaxy to high z, one needs to correct for size downscaling, surface brightness dimming and band-shifting. The size degradation and brightness dimming can be directly calculated when the cosmology is given. Moreover, the intrinsic size evolution of galaxies since z = 1 (van der Wel et al. 2014 ) is considered in our simulation because galaxies are physically more compact in the past. Additionally, the evolution of stellar population in galaxies complicates the brightness estimate. Instead, we determine the brightness of a redshifted galaxy from real galaxies at the high z with the same stellar mass as the low-z galaxy. The counterparts at high z are identified to have the same location in the stellar mass versus rest-frame U −V color diagram. Figure 2 shows the stellar mass versus rest-frame U −V diagram of our sample of 35 076 galaxies from the UltraVISTA catalog. The blue-cloud and red-sequence galaxies are separated by the dashed line in each of four even redshift bins over 0.2≤ z ≤1 following Borch et al. (2006) . In each panel of Figure 2 , the red and blue solid lines, parallel to the dashed line, describe the mass-color relations of two populations, respectively. At a fixed stellar mass, the offset from one mass-color relation normalized by the distance of the relation from the dashed line marks the location of a galaxy in the diagram. By doing so, we obtain locations of the selected 1178 galaxies used for simulations in the mass-color diagram of 0.2≤ z <0.4. In each of the other three redshift bins (z ∼ 0.3, 0.5 and 0.9), we select ten nearest real galaxies centered at each of the 1178 locations and take the median I-band magnitude of the ten galaxies as the brightness of the model galaxy to be simulated. In addition, photon noise is added into the model images of simulated high-z galaxies. The same sky background randomly selected from blank regions of the HST/ACS I-band images of COSMOS are also combined with the model images. For each model galaxy, we create 16 background images and thus general 16 model images used for measuring A O and D O . Figure 3 presents the original science image of one example galaxy at low-z, in comparison with the smoothed profile and images of the same galaxy redshifted to z ∼ 0.5, 0.7 and 0.9.
The same configurations for HST images given in Section 2 are adopted to measure A O and D O from the images of simulated high-z galaxies with morphology known. Background noise of course affects the detection of signals from a simulated galaxy, in particular in the outskirts with low-surface brightness. Each simulated galaxy image is combined with 16 random background images to estimate errors in measured A O and D O caused by the background noise. We find marginal variations among measured A O and D O , suggesting that the measurements of the two structural parameters are reliable and show no dependence on the type of morphologies. The mean of 16 A O (D O ) measures is adopted for a simulated galaxy. Then we compare the measures of A O and D O at given redshifts with these derived from the (noise-free) model galaxy image. Figure 4 demonstrates the changes of measured A O and D O when model galaxies with different stellar masses are located at z ∼ 0.5 (top), 0.7 (middle) and 0.9 (bottom). We can see that the changes of A O and D O are coupled with each other; and then changes become larger at increasing redshift and for lower mass galaxies. It is clear that the two parameters tend to be overestimated for galaxies with regular morphologies (intrinsically small in A O and D O ) and underestimated for those with disturbed morphologies (intrinsically large in A O and D O ). This is understandable because the relatively increasing contribution from noise easily increases A O (and D O ) for the regular galaxies when they become faint and less resolved at increasing redshift; however, the galaxies displaying irregular structures in their outskirts would appear more regular (measured A O and D O decreasing ) as the faint asymmetric features become gradually undetectable at increasing redshift. And lower-mass galaxies are relatively more influenced by these effects. We conclude from Figure 4 that measures of A O and D O for high-z galaxies may be systematically biased in the sense that the spread of galaxies in both A O and D O would shrink to have more in the middle at increasing redshift. This suggests that part of high-z galaxies with disturbed morphologies would be missed in our A O − D O selection and merging galaxies with faint tidal tails are barely detectable at high z. Bearing this in mind, we try to correct for the incompleteness to estimate the merger rate in Section 4.2.
MERGING GALAXIES WITH LONG TIDAL TAILS 4.1. Identification of Merging Galaxies with Tidal Tails
We measure A O and D O from HST/ACS I-band images for the complete sample of 35 076 galaxies with log(M /M ) ≥ 9.5 and 0.2 ≤ z ≤ 1 in the COSMOS field. The sample galaxies are divided into star-forming and quiescent galaxies using the UV J method (Williams et al. 2009 ). Figure 5 presents the measurement results of A O and D O for the star-forming and quiescent galaxies split into 4 bins in stellar mass and 4 bins in redshift. The best-fit solid lines to subsamples of galaxies have similar slopes, indicating that the correlation between A O and D O is nearly uniform. As pointed out in Section 3.2, galaxies at z > 0.4 appear to be more concentrated in the A O − D O space, especially for less massive galaxies. Still, we find that star forming galaxies have larger A O and D O than quiescent galaxies, which are usually smooth in morphology. , and the same galaxy redshifted to z ∼ 0.5, 0.7 and 0.9 (from left to right). A tidal arm clearly seen in the original science image (left) gradually shrinks with increasing redshift, denoting that the low-surfacebrightness features are hardly detectable for high-z galaxies. The blue dashed ellipse represents 1.5 times Petrosian radius of the target. The semi-major axis of such ellipse is 10.7 kpc and the semi-minor axis is 6.8 kpc. Although some faint asymmetric features in galaxy outskirts are undetectable at high z, leading to the underestimate of A O and D O , these with measured A O and D O sufficiently high should have asymmetric structures detectable. We note that foreground or background sources may project next to target galaxies and result in false asymmetric structures. Such cases are removed in our visual examination.
We aim to estimate the rate of merging galaxies traced by tidal tails as a function of redshift. Wen et al. (2014) investigated the selection criterion for merging galaxies using the A O − D O method, yielding that galaxies with long tidal tails satisfy log(A O ) = −2 log(D O ) − 1.1. We adopt the criterion in our analysis, shown as the dashed-dotted lines in Figure 5 , and select 13 227 of 35 076 galaxies to be candidates for merging galaxies. The next step is to visually check morphologies of the 13 227 galaxies to identify merging galaxies with long tidal tails. We point out that the 13 227 galaxies must contain mergers with other morphologies (e.g., Lackner et al. 2014 ) and a detailed analysis of these galaxies will be presented in a future work.
Due to the projection effect, a tidal tail may appear to be shorter. On the other hand, tidal tails rapidly grow during a merging process and the length of the tails is dependent on the stage of the merging process. In our examination, the length of a tail is measured from the edge of the host galaxy to the tip end of the tail. The edge is approximately determined by the isophotal ellipse of the host galaxy when the tails are masked. Because short tidal tails are often indistinguishable from spiral arms or tidal arms (tidally-disturbed spiral arms), we rather focus on long (or extended) tidal tails. Here the long tails refer to these with length equal to or longer than the diameter of their host galaxies. The visual identification of tidal tails is independently carried out by Z. Z. W and X. Z. Z. Totally 461 galaxies are confirmed by the two viewers with long tidal tails. The left panels show quiescent galaxies (red) while the right panels show star-forming galaxies (blue). The solid line in each bin is the best fit to the data points. The dashed line represents the best fit of galaxies in the CDFS field from Wen et al. (2014) . The dashed-dotted line gives the selection cut for galaxies with tidal tails (see the Appendix for more details). Figure 6 illustrates 12 examples from the 461 galaxies. They are apparently merging systems with long tidal tails. We also show four examples of galaxies exhibiting tail-like structures in Figure 7 . These structures are either spiral arms, accreting bridges from companions, or short tidal tails, and not included into our sample of long-tidal-tail systems.
In total 461 galaxies are identified to have long tidal tails from 13 227 merger candidates selected using the A O − D O technique from the parent sample of 35 076 galaxies with log(M /M ) ≥ 9.5 and 0.2 ≤ z ≤ 1 in the COSMOS field. The photometric catalogs of the 461 galaxies and their image stamps are electronically available online. We note that if two galaxies in a merging system are both resolved in the groundbased K s -band catalog, they are counted as one merger event. The stellar mass of such a system is the sum of two components. We also find some of them to contain star clusters and tidal dwarf galaxy (TDG) candidates in their tidal tails. We refer massive compact clumps found in tidal tails to be TDG candidates. TDGs are self-gravitating, dark-matter-free systems formed by gravitational instability of pre-enriched gas clouds in tidal tails with size and mass comparable to classical dwarf galaxies (Braine et al. 2001; Weilbacher et al. 2003; Duc et al. 2004; Bournaud & Duc 2006; Wetzstein et al. 2007; Bournaud 2010; Wen et al. 2012) . Due to the lack of multiband high-resolution imaging data, we are unable to extract spectral energy distributions for the TDGs candidates and estimate stellar mass and properties of stellar population. Still, we provide a sample of 181 TDG candidates at intermediate redshifts, which can be used for further exploration.
The selected 461 merging galaxies with long tidal-tails are compared with the parent sample of galaxies in the U −V versus V − J color diagram, as shown in Figure 8 . The grey data points represent quiescent and star-forming galaxies clearly separated into two regions in this plot. The 461 tidal-tailed galaxies with (without) TDG candidates are shown in black (green) solid circles. The adopted selection criteria for quiescent galaxies are derived from Williams et al. (2009) . We can see that the solid circles widely spread in the region of starforming galaxies, suggesting that the tidal-tail-selected merging galaxies originate from this population. Only twenty-four tidal-tailed systems fall into the region of quiescent galaxies, indicating that they are likely to be in the late stage of merging with star formation quenched already. This result that tidaltailed galaxies belonged to the star-forming galaxy population is consistent with our understanding of the tidal-tail creation in merger events involving disk galaxies that usually are forming stars. In contrast, mergers between two early-type galaxies often display diffuse tidal debris with no or only little star formation (e.g., Elmegreen et al. 2007a ). The diffused structures are generally arc-like or plume-like, having similar colors as their host galaxies. Although such tidal structures may occasionally appear as tail-like in a special projection angle, mergers between early-type galaxies are still ignorable in a statistic sense (Duc & Renaud 2013) .
Moreover, the I-band surface brightness distribution of identified tidal tails is given in Figure 9 . The measurements are performed using the task Polyphot in IRAF. The surface brightness of tidal tails is within 22 − 24 mag arcsec −2 at z ∼ 0.2 down to 23 − 25 mag arcsec −2 at z ∼ 1 due to the surface brightness dimming effect. Only a few tidal tails are fainter than the 3 σ surface brightness limit of 25.1 mag arcsec −2 . The surface brightness limit of the I-band imaging data is determined using aperture photometry in a blank sky area. The photometry is performed and repeated using an aperture of radius = 5 pixels (∼ 1.5 PSF size). As shown in Figure 9 , nearly all the identified tidal tails have intrinsic surface brightness < 23.1 mag arcsec −2 in optical bands. Comparing with the detection limit of the I-band data, our selection of tidal tails becomes incomplete at high redshift. The incompleteness of tidal tail selection will be estimated through simulations (see Section 4.2) and corrected in merger rate calculation.
Estimate of Completeness
It is important to address the completeness of mergers with tidal tails selected by the A O − D O technique. Tidal tails of mergers at high z may be spatially resolved, but undetectable if they appear to be too fainter due to cosmological surface brightness dimming. From simulations presented in Section 3.2, we estimate the fractions of tailed galaxies that are not picked up by the A O − D O selection together with visual examination when the tailed galaxies at 0.2 < z < 0.4 are redshifted to z ∼ 0.5, 0.7 and 0.9. Of 60 merging galaxies with long tidal tails, 47 (78%), 43 (72%) and 37 (62%) FIG. 6 .-Examples of mergers with long tidal tails from COSMOS. These image stamps are given in a size of 120×120 kpc. All of the 461 stamps are available in the online material.
FIG. 7.-Examples of galaxies with tail-like structures (spiral arms, accreting bridges from companions, short tidal tails and debris related with early-type galaxies) but not long tidal tails. These image stamps are given in a size of 120×120 kpc. are recovered as the tailed ones at z ∼ 0.5, 0.7 and 0.9, respectively. We use these fractions to correct for the incompleteness in estimating occurrence rate of mergers with long tidal tails. It is worth noting that the estimation of completeness is based on two assumptions: (1) The intrinsic surface brightness distribution of tidal tails is not changed significantly across 0.2 < z < 1 (see Section 4.1); (2) The completeness of tidal tails at the lowest redshift bin z ∼ 0.3 is 100% and the fractions estimated at higher redshift are relative to the completeness at z ∼ 0.3.
GALAXY MERGER RATE
Long tidal tails are most likely produced in major mergers of two parent galaxies and at least one disk galaxy is involved (Duc & Renaud 2013) . Stars in the parent disk galaxy had ordered motions (i.e., following a common rotational velocity pattern) around the spin axis. Tidal force from companion may change the dynamics of the stars in the same way and thus form prominent tidal features like tails after the first pericenter passage of galaxy encounter. However, stars in pressure supported galaxies (e.g., ellipticals) fail to follow a uniform motion when external tidal force is applied. Therefore, only diffused tidal debris formed in the merger between two early-type galaxies.
As explored by numerical simulations (Barnes 1992; Howard et al. 1993; Mihos & Hernquist 1996; Duc & Renaud 2013; Barnes 2016) , characterization of the tidal tails is strongly correlated with the orbital parameters (e.g. spin and orbital angular momentum) of the mergers. In the case of a planar prograde encounter, the spin and the orbital motion are coupled (zero-inclination) and the strongest tidal tail can be created. As the disk inclination angle increases, the tails tend to be more warped. In the case of planar retrograde encounter, only weak tidal features can be formed. The galactic disks often exhibit short-lived ripple-like features instead of a tidal bridge or tail. Meanwhile, highly-warped and diffused structures can be formed in highly-inclined retrograde encounter. Only at extreme conditions, the polar encounter could create a tail-like broad and straight tidal feature. In this work, mergers are identified based on their long tidal tails, indicating that the mergers selected are most likely undergoing prograde encounters and bias against retrograde encounters.
Galaxy Merger Fraction
Using the sample of 461 merging galaxies with long tidal tails, we estimate the fraction of such galaxies among the galaxies of similar stellar mass and redshift. Using the completeness corrections presented in Section 4.2, we estimate the merger fraction of galaxies with stellar mass ≥ 10 9.5 M . The numbers of tailed galaxies in different stellar mass and redshift bins are listed in Table 2 . The merger fractions that are corrected for surface brightness incompleteness are also shown in Figure 10 . We find that merger fraction appears to be higher at higher redshifts, consistent with the theoretical predictions from the hierarchical cosmology (Hopkins et al. 2010) . The evolution of merger fraction with redshift can be fitted by a power-law function in the form of f = f 0 (1 + z) m . We adopt the Monte Carlo method to take the uncertainties of data points into account and derive the the best-fit parameters of the function from 3 000 fits using the least squares method, yielding m = 2.0 ± 0.4 and f 0 = 0.64 ± 0.13 percent. Moreover, our results reveal that merger fraction is dependent on galaxy stellar mass, as shown in Figure 10 , in the sense that less massive galaxies exhibit a higher fraction of mergers than massive galaxies out to z = 1, although uncertainties are relatively large.
Galaxy Merger Rate
Galaxy merger rate is usually described in two ways. One is the fractional merger rate that traces the number of mergers that one galaxy would undergo in unit time, given by
The other is the merger rate Γ in units of number of mergers per unit time per unit co-moving volume:
Here f m is galaxy merger fraction, T m is the average detection timescale during which the merger is selected by a specific NOTE. -Numbers of merging galaxies with long tidal tails and parent galaxies in stellar mass and redshift bins. The errors are inferred from poisson uncertainties of the numbers of tailed galaxies and parent galaxies through error propagation. Noting that the sample completeness is 95% for galaxies in the lowest mass bin at z ∼ 0.9. Such uncertainty is also considered in error estimation. technique, and n gal is the number density of galaxies in the comoving volume at a given redshift. Although the merger rate Γ provides a direct measure of merging events in the framework of galaxy formation and evolution, it suffers from large uncertainties as n gal varies from field to field due to the cosmic variance. The fractional merger rate was often presented in the literature. We also estimate the fractional merger rate using our sample of tailed galaxies.
The detection timescale T m is a key parameter for determining merger rate of galaxies. In this work, major mergers are traced by long tidal tails and the duration for displaying long tidal tails in merger processes is thus used as T m . The duration can be determined from merger simulations. From the simulations by Conselice (2006) , we carefully investigate the snapshots of mergers between equal-mass disk galaxies. Long tidal tails are visible when the host galaxies reach their maximal separation (0.68 Gyr) and can be still seen at 1.2 Gyr when disk progenitors have merged as a single system. However, they become invisible at 1.33 Gyr, suggesting that duration for displaying long tidal tails is around 0.5 Gyr or longer. Meanwhile, some simulations gave durations for long tidal tails, ranging from about 0.25 Gyr (Bournaud & Duc 2006; Bournaud et al. 2011 ) to 0.77 Gyr (Ji et al. 2014) . Finally, we adopt 0.5±0.25 Gyr to be the duration for displaying long tidal tails in major mergers. It is worth noting that identifying long tidal tails in snapshots is dependent on the viewing angle. An averaged duration for long tidal tail appearance over viewing angles would improve the estimate of duration. Jogee et al. (2009) adopted T m ∼ 0.5 − 0.8 Gyr for visually selected gas-rich mergers. The adopted timescale of tailed mergers in this work is the lower limit of that in Jogee et Merger rate is dependent on galaxy stellar mass (Lotz et al. 2011) . We further focus on merger rate among galaxies with log(M /M ) ≥ 10 and compare our results with those based on the samples selected by the same mass cut. Figure 11 shows our results of fractional merger rate as a function of redshift, in comparison with representative results from previous works described in Section 6. The major merger rate we derived evolves mildly with redshift, and is best described by R 0 (1 + z) 2.3±1.4 Gyr −1 where R 0 = 0.01 ± 0.007. We notice that our data points are generally lower than the merger rates derived from galaxy pairs or disturbed morphologies. This systematic offset can be explained by the merger identification bias. Our sample of major mergers traced by long tidal tails is biased against mergers without tidal tails such as mergers between two early-type galaxies. Therefore our major merger rate accounts for only a fraction of merger rate in each redshift bin. The discrepancy of our measurements from the others are partly due to the sample selection and cosmic variance. We come back to discuss this issue in next section.
We compute the number of expected mergers for a local galaxy undergoing over a given cosmic period using
where Γ(z) is the duration that a galaxy exists before undergoing a merger as a function of redshift, t H is the Hubble time, and (Hogg 1999; Conselice et al. 2009 ). We derive that a galaxy would undergo about 0.3 wet major mergers since z = 1 to the present day from our measurements or 2.9 wet mergers when the merger rate is extrapolated to z = 2.
6. DISCUSSION Tidal tails are solid indicator for major merger systems in which at least one disk galaxy is involved. The mergers of two early-type galaxies hardly generate such features (Duc & Renaud 2013) . The merger rate from this work accounts only for merging galaxies with long tidal tails, corresponding to a special type among a variety of mergers classified by morphology (and merging stage). Then the question is what fraction of overall galaxy major mergers display long tidal tails? We discuss the representative measurements of galaxy merger rate from the literature and our measurement respectively, and try to draw an answer to this question.
Measurements of Merger Rate from Previous Works
Many studies have been contributed to the measurement of merger fraction of galaxies using a variety of selection techniques, incompleteness corrections and parent galaxy samples. An agreement has been reached between these studies, giving that galaxy merger fraction globally increases with redshift. Still, significant discrepancy can be seen between different measurements.
In Figure 11 we collect representative measurements of merger rate corrected to roughly the same mass selection log(M /M ) ≥ 10 and ensure the merger rates are measured approximately from the same galaxy population. It is worth noting that evolving luminosity cuts are performed for sample selection in the literature (e.g., M V < −19.8 − 1.0z Kartaltepe et al. 2007; Lin et al. 2008; Shi et al. 2009 ). The luminosity cuts are based on a model of passive luminosity evolution (PLE) of galaxies. Lotz et al. (2011) argued that such cuts may select similar galaxy population as those derived through a fixed stellar-mass cut M ≥ 10 10 M . We thus include their results in Figure 11 for comparison. We caution that major merger rates from Jogee et al. (2009) and Lackner et al. (2014) in the Figure 11 are based on a sample of galaxy with M ≥ 2.5 × 10 10 M and M ≥ 10 10.6 M . We caution that their selection cuts are higher than ours, although we include these results for comparison.
We can see that merger rates of close pairs are consistent with each other within the uncertainties, and the global merger rate can be best fitted by 0.03 ± 0.002(1 + z) 2.0±0.1 . This indicates that a galaxy would undergo 0.8 major (wet+dry) mergers since z = 1, about 2.5 times higher than our measurement on mergers with tidal tails. Note that the merger rates of close pairs are converted from pair fractions ( f pair ) instead of fractions of galaxies in pairs (N c ) (Lotz et al. 2011) , allowing comparison with merger rates from morphology studies. For this reason, two galaxies linked by a tidal bridge are counted as one merger event in this work. On the other hand, merger rate derived using morphological techniques are usually higher than those derived from close pairs. This is because the morphological selection for major mergers may be contaminated by minor mergers. Furthermore, galaxy pairs are early-stage mergers and thus correspond to progenitors of disturbed merging galaxies. Galaxies in morphological studies will be less massive or fainter than galaxies in pair studies if a uniform stellar-mass or brightness limit is adopted for sample selection. We should keep this in mind when merger rates of galaxies with disturbed morphology are directly compared with merger rates of pairs.
Merger Rate of Tidal-Tailed Galaxies
Using the A O − D O technique together with visual examination, we identify 461 galaxies having long tidal tails among 35 076 galaxies with log(M /M ) ≥ 9.5 and 0.2 ≤ z ≤ 1 in the COSMOS field. The tidal tails are known as low-surfacebrightness features and hardly detectable at high z due to the cosmic dimming effect. By redshifting a sample of model galaxies constructed from low-z ones with a diversity of morphologies, we quantify the systematic biases in the measurements of the morphological parameters A O and D O at three redshifts z ∼ 0.3, 0.5 and 0.9. The corrections for the incompleteness in detection of tidal tails are derived through simulations and applied to the measured numbers of mergers listed in Table 2 to obtain the merger fractions in different stellar mass and redshift bins. Adopting an average detection timescale of 0.5 Gyr, the merger fractions can be converted into merger rates. As shown in Figure 10 , our results reveal that the merger fraction of tidal-tailed galaxies mildly increases with redshift following ∝ (1+z) 2.0±0.4 , and less massive galaxies contain a higher fraction of tailed mergers than massive ones at all cosmic epochs examined.
The increase of galaxy fraction with redshift is generally consistent with the most measurements listed in Section 6.1. Moreover, the dependence of merger fraction on stellar mass (or luminosity) are also reported in previous works (e.g., Lin et al. 2004; Bundy et al. 2005 Bundy et al. , 2009 de Ravel et al. 2009; B10) . However, the measurements based on close pairs (e.g., Bundy et al. 2009 ) favor the opposite that massive galaxies are more likely to host companions than less massive galaxies. A possible reason for this discrepancy is the bias in pair identification due to the strong clustering effect (i.e., galaxies reside in groups or clusters but are assumed to merge, Kitzbichler & White 2008) . Another reason could be due to the cosmic variance as the sample used in Bundy et al. (2009) is rather small and probably leave large uncertainties in their results.
The results shown in Figure 10 implies the merger fraction of massive galaxies increases more rapidly with redshift than less massive galaxies. The best-fit power index m is 1.6, 2.1, 3.5 and 5.0 for galaxy mass bins from the lowto high-mass end, respectively. This predicts that merger fraction of massive galaxies would become higher than that of less massive galaxies at z > 1, consistent with the findings from previous studies (e.g., Conselice et al. 2008; B10) . Moreover, we stress that merger fraction of galaxies with 10 9.5 M ≤ M < 10 10 M at 0.8 ≤ z ≤ 1 may probably be underestimated due to the difficulties in finding faint tidal tails in visual examination of low-mass galaxies at z ∼ 0.9. The underestimation of merger fraction may result in a lower m for the lowest-mass bin. The sample completeness of the lowestmass bin is relatively larger although the global completeness galaxies at M ≥ 10 9.5 M and z = 1 is estimated to be about 95%. This also increases the uncertainties of merger fraction for low-mass galaxies. B10 used similar probes (tidal tails and bridges) to identify galaxy mergers. We notice that their merger fraction is substantially higher and evolve more rapidly with redshift than our results. The discrepancy may be attributed to several reasons. First, more than one third of the mergers identified in B10 are not included in our statistics. These mergers either display a tidal bridge linking one galaxy to the other or double cores but no tail is presented. Second, a close pair of galaxies with tidal tails is counted as one merging event in our analysis. Such system is seen as two mergers in B10 if a bridge is shown, leading to roughly another 3% enhancement of their merger rate. Moreover, the parent sample in B10 is selected using both stellar mass and brightness cuts. We argue that the brightness cut may lead to strong bias in particularly at high z. Star formation triggered by wet mergers can enhance the brightness of the host galaxies. A brightness selection would favor the detection of star-forming galaxies and possibly more mergers.
Galaxy pairs can be divided into early-type galaxy pairs, late-type galaxy pairs and mixed pairs. Mergers between two gas-poor early-type galaxies (dry mergers) are thought to be a major channel for the assembly of massive (M ≥ 10 11 M ) galaxies at z < 1 van Dokkum 2005; Buitrago et al. 2013; Conselice 2014) . But early-type galaxy pairs contribute little to the total number of galaxy pairs, from ∼ 25% in the present day to ∼ 10% at z ∼ 1 (e.g., de Ravel et al. 2009 ). Figure 11 presents the comparison of the merger rate of tidal-tailed galaxies with the global merger rate derived from close galaxy pairs in the literature (see Section 6.1). We find that the merger rate of tailed galaxies roughly accounts for a half of the global merger rate when the contribution of early-type galaxy pairs are removed. We conclude from Figure 11 that roughly half of disk-involved major mergers have undergone a phase exhibiting long tidal tails at z < 1.
The absence of tidal tail in disk-involved mergers may be attributed to special orbital parameters. For instance, long tidal tails are preferentially formed in prograde encounters where the spin of a disk aligns with the orbital spin. However, only weak, warped tails can be generated in retrograde encounters. Therefore, our merger sample is biased against retrograde mergers. In the case of head-on collision (with impact parameter of zero) between a disk and a compact spheroid galaxy, ring-like debris instead of tidal tail forms and radially expands due to the density wave created by the interaction (Mapelli & Mayer 2012; Fiacconi et al. 2012) . The headon collisions are not commonly seen and Arp 147 (Fogarty et al. 2011 ) and 2MASX J06470249+4554022, dubbed as "Auriga's Wheel" (Conn et al. 2011 ) are two of this kind. On the other hand, in our work tidal tails are identified if they are longer than the diameters of their hosts. This implies that tidal tails with fixed lengths are easily selected in small galaxies and thus our selection probably misses some tidal tails in larger galaxies. In addition, a tidal tail could not be identified if its orientation is nearly coincident with the line of sight and appears to be much shortened due to the projection effect.
Tidal tails of mergers at z > 2 might be quite different from their local counterparts. Representative disk galaxies at z > 2 contain a few kpc-scaled blue spheroids on their disks and have clumpy morphology (Elmegreen et al. 2004 (Elmegreen et al. , 2007b (Elmegreen et al. , 2009 . The formation of the clumpy disks might result from the gravitational instability and fragmentation in gas-rich disks which are continuously fed by cosmological streams (e.g., Immeli et al. 2004a,b; Dekel et al. 2009 ). Simulations predicted that ongoing mergers of these galaxies will form clumps and filaments in the intergalactic space instead of long tidal tails as what observed in lower redshifts . It is worth noting that the formation of tidal tails might not be common during the disk-disk mergers at z > 2 and care should be taken when counting mergers with tidal tails in those cosmic epochs.
7. CONCLUSION We carry out a careful morphological analysis using deep HST/ACS F814W imaging data for a complete sample of 35 076 galaxies with M ≥ 10 9.5 M at 0.2 ≤ z ≤ 1 selected from the UltraVISTA catalog of the COSMOS field. Two newly developed morphological parameters, the outer asymmetry A O and the outer centroid deviation D O are measured from galaxy images to probe asymmetric features in the outskirts of galaxies. The sample galaxies of different morphological types form a tight sequence in the
showing that the degree of morphological disturbance globally increases with A O and D O and these with highly-irregular structures occupy the high-value end. Merging galaxies with long tidal tails are pre-selected using the A O − D O selection technique, and further identified through visual examination. This type of galaxies are believed to be major mergers involving at least one disk galaxy. How the cosmic surface brightness dimming effects on the measurements of the two parameters are quantitatively estimated through simulations and the detection completeness for tidal-tailed galaxies are derived accordingly. We summarize our results as follows:
1. We find that the widely-used morphological parameter, asymmetry A, is significantly biased by the noise in the outskirts of a galaxy due to an incorrect treatment of the background subtraction. We provide a revised definition of A by including corrections for noise contamination. We also update the equation for computing the outer asymmetry A O and correct for the the noise term. Details are given in the Appendix A. 3. In total 461 galaxies are identified to have long tidal tails from 13 227 merger candidates selected using the A O − D O technique from the parent sample of 35 076 galaxies over 0.2 ≤ z ≤ 1. These galaxies spread in the same region as star-forming galaxies in the U − V and V −J diagram, confirming that tidal-tailed galaxies originate from the population of star-forming galaxies with morphologies dominated by disks.
4. We show that the fraction of mergers with long tidal tails evolves mildly with redshift following a power-law function f = 0.64 ± 0.13% (1 + z) 2.0±0.4 out to z = 1. We also find that the tidal-tailed merger fraction is higher for less massive galaxies. However, merger fraction of massive sample evolves more strongly with redshift, indicating higher merger fraction of massive sample at z ≥ 1. These are consistent with the results from previous studies.
5. Adopting an average detection timescale of 0.5 Gyr for tidal-tail-traced mergers, we obtain the evolution of the merger rate of such type of merging galaxies as 0.01 ± 0.007(1 + z) 2.3±1.4 Gyr −1 . Combined with the global merger rate derived from close pairs, we find that nearly half of disk-involved major mergers at z < 1 have undergone a phase with long tidal tails. We infer that a present-day galaxy would undergo about 0.3 major mergers creating long tidal tails since z = 1, roughly one-third of the total budget of major mergers.
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APPENDIX
One challenge for the non-parametric methods is how to get rid of noise contamination. The Gini coefficient is strongly dependent on the noise level of imaging data and suffers from large uncertainties when signal-to-noise ratio is not sufficiently high (Lisker 2008) . For asymmetry A, noise contribution is estimated by measuring A on a nearby blank sky region with the same aperture. However, the noise correction for A overestimates the real noise contribution (see Figure 1 in Shi et al. 2009 ). Here we present a detailed analysis on the noise effects in quantifying A and introduce a revised correction for noise contamination.
We construct a sample of model galaxies for testing the morphological parameter A. The sample consists of 569 isolated galaxies from Wen et al. (2014) (see Section 3.2 for more details about model generation). An artificial image is obtained through combining a model galaxy image with a background noise image. The parameter A is measured from both the artificial image and the noise-free model image following the definition given in Conselice (2003) as
where I 0 is the intensity of the galaxy and I 180 is the 180
• -rotated intensity. The second term refers to the correction for noise contamination. A group of pixels are randomly selected from the background regions to form the background noise image. In the measurement, an aperture of 1.5 times the circular Petrosian aperture is adopted to estimate the noise contamination. Figure 12 presents comparison of the measure of A from noise-added and noise-free images for the 569 model galaxies. We find that noise contamination leads A to be systematically overestimated and the significant scatter indicates the uncertainties of noise contribution which is about 20% for a high-S/N galaxy and reaches 50% for a low-S/N galaxy (Shi et al. 2009 ). The noise correction introduced in Conselice (2003) overestimates the noise contamination and biases A to be smaller. This is because that all background pixels within the Petrosian aperture are used to calculate the noise contamination. As discussed in next section, however, we argue that noise contamination is correlated with the number fraction of noise dominated pixels of a galaxy indicating that only a part of the noise contribution estimated by Equation 1 is real. Furthermore, the measured A from noiseadded images is found to be lower than that from noise-free model images in a few cases even if no noise correction is adopted. This is because that noise dramatically changes the segmentation maps of the model galaxies. In our measurements, only pixels within 1.5 times the circular Petrosian aperture are counted to calculate A and the extended structures of the model galaxies out of the aperture are ignored, leading to an underestimation in A. For a noise-free model galaxy image, all pixels associated with the galaxy are used to compute A.
A Revised Noise Correction for Rotational Asymmetry To calculate A of a galaxy, one needs to measure the signal remained in the residual image relative to that in the scientific image. Mathematically, the modules of pixels in each image are derived and then the summation is performed. Pixels dominated by random noise likely significantly contribute to the summation even if little signal is included. As a consequence, different outputs are generated from noise-added image of a galaxy and the noise-free model. For a luminous galaxy that all pixels are brighter than 3 σ of the noise, equivalent outputs are generated from the noise-added image and the model galaxy. It is thus important to quantify the number fraction of noise dominated pixels in the image of a galaxy against those signal dominated. In practice,1 σ of noise level is adopted as the criterion for the classification. The noise level is measured independently from the background.
The updated equation of A is given by the residual image. Parameter σ is the standard deviation of noise in I 0 . Moreover, the residual image is derived by combining I 0 with −I 180 where image of gaussian distributed noise as well as its 180
• -rotated version are overlapped on. The standard deviation of the noise in the residual image increases by a factor of √ 2 relative to that in the I 0 . For this reason, pixels within ± √ 2 σ are defined as noise dominated pixels in the residual image.
The size of a galaxy is determined by the Petrosian aperture and the pixels within 1.5 times the elliptical Petrosian aperture of the galaxy are used to compute A. Elliptical apertures more closely follow the light profile of galaxies than circular apertures, especially for edge-on disks. The rotational centers of either model galaxies, background images or artificial galaxies are determined by an iterative process respectively. The initial center (usually the flux-weighted centroid of a galaxy) together with the eight pixels surrounded will be tested in turn until the minimum value of asymmetry is found. Figure 13 compares the new measurements of A from noise-added images with the measurements from the models. The new measurements of A are in line with the initial values of the models. Only < 5% cases show large offsets from the initial A. In these cases, extended structures out of the 1.5 times elliptical Petrosian radius of an artificial galaxy are not included in the measurements but they are included when the initial A of the model is measured . The determination of rotational center of the artificial galaxy thus deviates from that of the model galaxy. We also notice that the slope of the data-points in Figure 13 will change if the criterion for selecting noise dominated pixels in the I 0 is set other than 1 σ of the noise.
We thus apply the revised noise correction to A O . The details for updated definition of A O is given in Section 3.1. In contrast to the Petrosian radius, the size of a galaxy is directly determined by the segmentation map when A O is computed. We find that our new method for noise correction is reliable when A or A O of a galaxy is measured and thus is independent on the size of the galaxy.
